A B S T R A C T Chemoattractant-receptor coupling triggers several biologic responses in phagocytic cells including activation of the respiratory burst. Prior evidence in intact cells implied that stimulation of the respiratory burst by chemoattractants was by a mechanism different from other soluble agents suggesting the possibility that different oxidative enzymes were responsible. We now show that the chemoattractants N-formyl-methionyl-leucyl-phenylalanine and a split fragment of the fifth component of complement (C5a) stimulate an NADPH oxidase activity, measured in the 50,000-g particulate fraction from human polymorphonuclear leukocytes (PMN). Levels of oxidase activity stimulated by the chemoattractants were both time and dose dependent and required the presence of cytochalasin B during stimulation. In contrast, activation by two nonchemotactic stimuli, the ionophore A23187 and phorbol myristate acetate (PMA), did not require cytochalasin B. Temporal patterns of oxidase activation suggested that different stimuli follow different transductional pathways. Chemoattractant-mediated activation was immediate (no lag); peaked by 45 s and declined rapidly to '50% of maximal by 2 min. In contrast, activation by A23187 or PMA had a 15-30-s lag and increased more slowly. Stimulation by A23187 peaked at 5 min, then declined. Stimulation
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The activity previously identified by several labo- tion of 2-3 mg/ml (21) and were stored at -70°C until time of assay. NADPH oxidase activity was stable for at least 6 mo even with repeated freeze-thaw. Each fraction was assayed immediately after thawing in order to minimize decay at 4°C. No differences in the stability of the enzyme activated by different stimuli were noted.
The following stimuli were kept at -20°C as stock solutions in DMSO: 10-2 M fMet-Leu-Phe, 2 mg/ml PMA (3.2 mM), and 10-l M A23187 (all were from Sigma Chemical Co.). A split fragment of the fifth component of human complement (C5a) (generously provided by Dr. D. Chenoweth, UCSD, La Jolla, CA) was purified as described previously (22, 23) and was stored at a concentration of 1i-0 M at -70°C in HBSS containing 0.5% gelatin (Nutritional Biochemicals Corp., Cleveland, OH). PMA, A23187, and fMet-Leu-Phe were added to the incubation mixture from dilutions made in DMSO to yield a concentration 1,000-fold higher than the final concentration desired. A control set of cells was routinely included, which contained an equivalent amount of DMSO alone, although final concentration of DMSO was never >0.2%. In experiments with C5a, both C5a and fMetLeu-Phe were added from dilutions made in HBSS containing 0.5% gelatin at a 10 times concentration over the final one desired.
Measurement of NADPH oxidase activity. NADPH oxidase activity was measured as the superoxide dismutaseinhibitable, NADPH-dependent reduction of cytochrome c and assays were performed as described previously (5) . NADPH was utilized at a concentration of 190 MM in most assays, since NADPH is the likely physiologic substrate for the oxidase (9) (10) (11) (12) (13) (14) (15) (16) (17) (18) (19) . However, substrate concentration was varied from 9.5 to 190 uM for NADPH, or 0.2 to 1.9 mM for NADH, in assays for Lineweaver-Burk analysis. Assays were performed at ambient temperature using a Cary 219 double-beam spectrophotometer (Varian Associates, Inc., Instrument Group, Palo Alto, CA). Activity was followed continuously and initial slopes after addition of substrate were used for calculations using an extinction coefficient of 21 mM -' cm-' for cytochrome c (24) . Superoxide dismutase (Diagnostic Data, Inc., Mountain View, CA) and cytochrome c (type III, Sigma Chemical Co.) were stored as stock solutions at -20°C. NADPH and NADH (Boehringer Mannheim Biochemicals, Indianapolis, IN) were prepared freshly just before use.
In some preliminary experiments, 0.042% deoxycholate (Sigma Chemical Co.) was included in the assay mixture (25) , which resulted in a three-to fourfold enhancement of activity measured in fractions from cells stimulated with either fMet-Leu-Phe or PMA. The overall pattern of activity seen with these stimuli did not change in the presence of detergent, nor was activity observed using detergent in fractions from cells stimulated by chemoattractants in the absence of CB. Deoxycholate was not included in subsequent assays.
RESULTS
Activation of NADPH oxidase by chemoattractants and nonchemotactic agents. Exposure of PMN to the chemoattractant fMet-Leu-Phe activated an NADPHdependent oxidase activity that was measurable in a 50,000-g particulate fraction. As shown by the tracing in Fig. 1 Table I . Stimulation of PMN by 10'6 M fMetLeu-Phe resulted in a 25-fold increase in NADPH oxidase activity over levels from unstimulated cells. Activation by another chemoattractant, purified C5a at 10-' M, gave a 10-fold increase in oxidase activity.
The lower level of activity with C5a as compared with fMet-Leu-Phe is most likely because of the different doses used. Higher amounts of C5a were not tested because quantities of the purified compound were limited. The ionophore A23187 stimulated NADPH oxidase activity 20-fold and the most effective stimulus was PMA (300-fold enhancement over resting).
Differences in the levels of NADPH oxidase activity recovered in particulate fractions could be due to differences in localization of the enzyme. The distribution of NADPH oxidase activity and protein in subcellular fractions from PMN stimulated by fMet-LeuPhe, C5a, A23187, or PMA was examined and no differences were found with the various stimuli under the same conditions as described in Table I . The data were combined and are given in Table II Activation of NADPH oxidase by chemoattractants was dependent on the concentration of the stimulus added to the cells (Fig. 2, top panels) . Similar dose dependencies were seen with A23187 and PMA (Fig.  2, bottom panels) . The ED50 calculated from these eutrophils were treated with the indicated stimulus for various times in the presence of CB and particulate fractions were isolated. Conditions of stimulation were 10-6 M fMet-Leu-Phe for 1 min; 5 X 10'6 M A23187 for 5 min; 1.6 x 10-6 M PMA for 1 min; or 1.6 X 106 M PMA for 15 Table III . Mean Km values varied from 60 ,iM with A23187 as stimulus to 44 AM with PMA for 15 min as stimulus, and are not significantly different (F3,10 = 2.573). Vma. values varied with both the stimulus used and with the time of stimulation (using PMA as stimulus). NADH was also an effective substrate for the enzyme (data not shown); however, the Km for NADH of the activity stimulated by fMet-Leu-Phe was -10-fold higher than that for NADPH, while the Vmax was the same (Km = 450±20 jiM, Vmax = 2.9±0.8 nmol°2 /min per mg; mean±SEM, n = 2).
DISCUSSION
Although chemoattractants had been shown to trigger the respiratory burst in whole cells (6, (26) (27) (28) (31) (32) (33) , activation of NADPH oxidase has not been previously demonstrated (5, 25) . Recent evidence using whole cells suggested that the mechanism of activation of the respiratory burst by chemoattractants was different Chemoattractants Activate PMN NADPH Oxidase 197 from other stimuli. Superoxide production stimulated by chemotactic factors but not PMA was enhanced by increasing the concentration of extracellular calcium or by the presence of CB (6, (26) (27) (28) . Also, pretreatment of PMN with a nonpenetrating protein-denaturing agent inhibited activation of the respiratory burst by fMet-Leu-Phe or concanavalin A (34), but not by PMA or A23187, and had no effect on lysosomal enzyme release triggered by any of the stimuli (5). These results had two possible explanations. Chemoattractants either activate the same respiratory burst enzyme by different transductional pathways or they activate a different respiratory burst enzyme. Our evidence supports the first possibility.
The data demonstrate that the chemoattractants, fMet-Leu-Phe and C5a, activate an NADPH oxidase in human PMN. Activation of the oxidase by chemoattractants is both time and dose dependent and, unlike other soluble stimuli, requires the presence of CB during the stimulation phase. The precise mode of action here of CB is not clear, but cytochalasin D and dihydrocytochalasin B, which inhibit microfilament function, but not glucose transport (35) , were also effective in initiating expression of NADPH oxidase activity by chemotactic factors. This suggests that the state of actin filament assembly may regulate NADPH oxidase activation induced by chemoattractant receptors, but not by A23187 or PMA. However, a non-CB-mediated mechanism of microfilament disruption has been reported in macrophages (36) , and it is conceivable that activation by PMA and A23187 may be influenced by this or another unknown process.
We did not observe any oxidase activation by chemoattractants in the absence of CB in agreement with earlier reports (5, 25) . Low levels of O2 generation without CB have been measured during chemoattractant stimulation of whole cells (5, 6, (26) (27) (28) . There are at least two possibilities to explain this discrepancy. First, the activity seen in whole cells without CB may be caused by activation of an enzyme different than NADPH oxidase. The presence of other superoxidegenerating enzymes in phagocytic cells has been reported (37) . Alternatively, the amount of enzyme activated in the absence of CB may be below the level of detection in our isolation and assay system. At this time we cannot distinguish between these two possibilities, although the quantitative explanation seems more plausible.
Comparison of kinetic parameters obtained by Lineweaver-Burk analysis of NADPH oxidase activity stimulated by fMet-Leu-Phe, A23187, or PMA shows that the enzyme activated by all three stimuli has the same Km (Table II, Fig. 4, text) The kinetic patterns of activation of the respiratory burst enzyme by different stimuli also suggest that different regulatory mechanisms are triggered with each stimulus. Chemoattractant-mediated activity is rapidly suppressed, while PMA-mediated activity is not. Previous studies with whole cells had shown that 198 L. C. McPhail and R. Snyderman O2 production stimulated by chemoattractants ceased after 1-2 min (6, (26) (27) (28) 43) . Our results clearly demonstrate the triggering by chemoattractants of a deactivation mechanism that directly affects the level of the respiratory burst enzyme. This deactivation mechanism differs from those previously reported for NADPH oxidase activity (16, 44, 45) , which were prevented by the presence of azide and CB during stimulation (phagocytosis), or were observed after addition of a competitive inhibitor to displace the stimulus from its receptor (concanavalin A). The "shut off" mechanism triggered by chemoattractants occurs in the presence of CB and azide, occurs without external displacement of the stimulus, and cannot be explained by destruction of the ligand. This rapid suppression of oxidase activity during activation by chemoattractants may serve a protective role in vivo.
We conclude that chemoattractants appear to activate the same respiratory burst enzyme in human PMN as do other stimuli, but that the transductional mechanism is different. Further, the activity of the respiratory burst enzyme is finely regulated by a balance between the rate of an activation mechanism(s) and the rate of deactivation process(es), which may be unique for different stimuli. Elucidation of the nature of these regulatory mechanisms will be important in understanding and modulating the bactericidal, tumoricidal, and inflammatory functions of phagocytic cells.
